. This result, and the fact that cytoplasmic membranes of Mycoplasma cells, human lung fibroblasts, and erythrocytes could not be impaired (17) , led us to assume that Pep 5 requires a membrane potential for disruption of cytoplasmic membranes. Such a requirement has been shown for the channel-forming colicins (7, 16), alamethicin (5), and the bee venom constituent melittin (15). To substantiate the potential dependence for the membranedisrupting activity of Pep 5, we investigated its influence on bacterial cells artificially energized by a valinomycin-induced potassium diffusion potential. Planar lipid membranes were used to elucidate the processes of Pep 5 action on energized membranes in detail.
The cationic staphylococcinlike peptide Pep 5 is shown to depolarize bacterial and planar lipid membranes in a voltage-dependent manner. An artificial valinomycin-induced potassium diffusion potential across the cytoplasmic membrane of Staphylococcus cohnii 22 was sufficient to promote Pep 5 action. Thus, evidence is provided that a membrane potential of sufficient magnitude is the only prerequisite for Pep 5 activity. The voltage dependence was elucidated by macroscopic conductance measurements with black lipid membranes. A threshold potential of about -90 to -100 mV, which was deduced from experiments with bacterial cells, could be confirmed. Single pores were resolved which often occur as short-lived bursts and fluctuate among different conductance levels. Pore diameters were calculated ranging from 0.1 to nm. Succinylation of the lysine residues of Pep 5 resulted in prolonged pore lifetimes and maintenance of distinct conductance levels. However, the succinylated peptide required a higher threshold potential, approximately -150 mV, than the native peptide, which is probably the reason for the reduced activity of the modified peptide against intact gram-positive bacteria.
Pep 5 is produced by Staphylococcus epidermidis 5 as a mixture of closely related cationic peptides with strong bactericidal activity against gram-positive bacteria. The main active peptide has a molecular weight of 3,500; it contains eight positively charged amino acids and three residues of the thioether amino acid lanthionine (23) . It has been shown to render cytoplasmic membranes of grampositive and gram-negative bacteria permeable to ions, amino acids, and ATP (17, 22) , thus causing a rapid breakdown of the membrane potential (19) and a complete cessation of biosynthesis (21) . Energized cells were shown to be more sensitive to membrane depolarization by Pep 5 than starved cells were (19) . This result, and the fact that cytoplasmic membranes of Mycoplasma cells, human lung fibroblasts, and erythrocytes could not be impaired (17) , led us to assume that Pep 5 requires a membrane potential for disruption of cytoplasmic membranes. Such a requirement has been shown for the channel-forming colicins (7, 16) , alamethicin (5), and the bee venom constituent melittin (15) . To substantiate the potential dependence for the membranedisrupting activity of Pep 5, we investigated its influence on bacterial cells artificially energized by a valinomycin-induced potassium diffusion potential. Planar lipid membranes were used to elucidate the processes of Pep 5 action on energized membranes in detail.
MATERIALS AND METHODS
Bacterial strains, culture conditions, and purification of Pep 5. Culture conditions for S. epidermidis 5 and S. cohnii 22 and isolation of Pep 5 have been described previously (20) . Before use, Pep 5 was purified by reversed-phase high-pressure liquid chromatography as described previously (23) .
Generation and estimation of potassium diffusion potentials. Cells were uncoupled by addition of 100 puM carbonyl cyanide m-chlorophenylhydrazone (CCCP), and the potassium diffusion potential (interior negative) was generated by means of the potassium ionophore valinomycin (20 ,uM) . The intracellular potassium content of washed cells, hydrolyzed by being boiled in concentrated HCI for 30 min, was determined to be 230 mM by atomic absorption spectrometry. An intracellular volume of 3.4 pl1/mg of protein was used for the calculation (12, 19) . Protein determination of whole cells was performed by the method of Stickland (25) . Different diffusion potentials were established by suspending the cells in buffer containing different concentrations of KCl. AI was calculated from the distribution of [14C]tetraphenylphosphonium ion (19) .
Lipid bilayer experiments. Black lipid bilayer membranes were formed as described previously (3) . For membrane formation diphytanoyl phosphatidylcholine, dioleoyl phosphatidylcholine, and phosphatidylserine, all obtained from Avanti Biochemicals, Birmingham, Ala., were used. The orientation of the voltage was defined with respect to the addition of Pep 5 (the cis-side). A trans-negative potential (19) .
RESULTS
Influence of Pep 5 on artificially energized bacterial membranes. Previous experiments indicated that Pep 5 requires energized cytoplasmic membranes for activity (17, 19) . To prove that a membrane potential of sufficient magnitude is the only prerequisite for the activity of Pep 5, we investigated its influence on S. cohnii 22 cells which had been uncoupled by CCCP and in which various K+ diffusion potentials were generated by addition of valinomycin. At pH 7.5, Pep 5 was able to dissipate the diffusion potential of cells on the -130-mV level, whereas the effect on cells energized to approximately -100 mV was much smaller (Fig. 1) . However, at pH 5.5, Pep 5 activity was considerably lowered ( Fig. 1, right Macroscopic conductance measurements with planar lipid membranes. We used artificial lipid bilayer membranes for a detailed study of the voltage dependence. For macroscopic conductance measurements, membranes composed of dioleoyl phosphatidylcholine-phosphatidylserine (molar ratio, 4/1) were used. Pep 5 was added to one or both sides of the membrane either before or after the membranes had turned black. The current was measured by an electrometer after application of voltage for about 5 s for each step. The membrane conductivity was not a linear function of voltage ( Fig. 2A) . Below -100 mV Pep 5 had only a small effect, whereas above -100 mV the current increased dramatically with voltage. trans-Positive potentials did not induce an increase of current. At decreasing voltages the current declined more slowly than it ascended, leading to higher current values than at the ascending branch of the plot. The current decrease was not a linear function of voltage either.
Single-channel experiments. To resolve discrete pores across the lipid bilayer, Pep 5 was added in low concentrations (3 nM to 0.3 ,uM) to 10 mM MOPS-buffered or unbuffered 1 M KCl solutions bathing a membrane with an area of 0.1 mm2. The conductance fluctuations obtained (Fig. 3A) differ from the steplike current increments induced by channel-forming colicins or by porins (2, 18 (Fig. 3B) . In general, small pores were more stable than those with large conductance levels. The large-pore conductances could be used to give a rough estimate of the dimensions of the pores formed by Pep 5. Assuming that these pores are filled with a solution of the same specific conductance, v as the external solution, and assuming a cylindrical pore with a length, 1, of 6 nm (corresponding to the membrane thickness), the average pore diameter, d (= 2r), may be calculated by using the equation A = o&r/1, where A is the pore conductivity. From the data in Fig. 3A , a maximum diameter of about 1 nm is obtained. The intermediate stages varied in different experiments, presumably owing to varying solvent concentrations remaining in the membrane and thus varying thickness of the membranes. The amplitudes of single-channel currents and pore lifetimes were independent of the lipids used, and the presence of negatively charged lipids was not a prerequisite.
Action of succinylated Pep 5. Lipid bilayer experiments were also performed with succinylated samples of Pep 5 to clarify whether the voltage dependence can be related to the number of positively charged groups of the peptide. The degree of succinylation was estimated to be nearly 100% by trinitrophenylation of unmodified lysine amino groups and by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
During macroscopic conductance measurements, we recorded a current-voltage characteristic similar to that of unmodified Pep 5 (Fig. 2B) . However, the threshold potential shifted to approximately -150 mV. The overall negative charge of the peptide introduced by succinylation did not result in a requirement for a trans-positive potential.
Succinylated Pep 5 produced more stable pores than unmodified Pep 5 did in single-channel experiments when the same experimental conditions were used. Their lifetimes reached up to a few seconds, and they also maintained stable distinct conductance levels of up to 400 pS (data not shown).
In contrast to unmodified Pep 5, the succinylated peptide was scarcely able to reduce the membrane potential of intact gram-positive cells, whereas it was effective in influencing cytoplasmic membrane vesicles. The uptake of radioactively labeled proline by vesicles of B. subtilis W23 was stopped after the addition of 24 ,uM succinylated Pep 5 (data not shown).
DISCUSSION
The studies reported here provide evidence for the voltage-dependent membrane-depolarizing action of Pep 5. The results obtained in experiments with the black lipid membranes correlated well with those obtained in experiments with physiological membranes. For both, the threshold potential was in the range of -80 to -100 mV at neutral pH. The ability of Pep 5 to induce pores in artificial planar membranes is in contrast to results obtained with energized liposomes (19) . However, if -100 mV is necessary for pore formation in artificial systems (Fig. 2) , it seems most likely that the valinomycin-induced diffusion potentials were not high and stable enough to promote Pep 5 action, although we theoretically applied -120 mV.
The pores produced by Pep 5 were quite different from those obtained with the channel-forming colicins (7, 18) . We observed several features: the burstlike character, the conductance fluctuations among different levels, and the occurrence of single pores with different conductance states and possibly different dimensions, which resemble the alamethicin-type multistate pores (5). Since alamethicin is too small to form a channel by using one molecule, the conductance states represent pores built of peptide aggregates. Two models have been proposed for the alamethicin-type pores: the so-called barrel stave model (1, 5) and the voltagedependent flip-flop mechanism (6) . The barrel stave model is outlined as follows. Alamethicin monomers, initially oriented parallel to the membrane surface, are rotated by voltage to span the membrane. The spanned monomers then associate and dissociate with various rate constants to form aggregates of different sizes and lifetimes. The lumina of these aggregates, with monomers arranged like the staves of a barrel, form the conducting pores. This leads to fluctuating conductance levels (1, 5) . The flip-flop mechanism provides an advanced scheme of the barrel stave model. It describes the change in transmembrane orientation of antiparallel dipoles, an energetically preferred aggregate structure, to a parallel array in response to an applied electric field. As a consequence of the electrostatic repulsion of parallel a-helix dipoles within an aggregate, water-filled pores become established (6) . The single-channel conductances can then be explained by one flip, one level change. Recently, melittin, a bee venom constituent with antimicrobial activity (9), has also been described to form such multistate pores (11) . It was shown to increase membrane conductance in a voltagedependent manner, forming a tetramer (27) .
Our data can be interpreted by using the alamethicin models (5, 6, 13, 14) . The similarity between the currentvoltage characteristics of Pep 5-and alamethicin-induced membrane conductance is apparent (10) . The initial formation of a conducting state seems to be the step with the largest voltage dependence. This is indicated by the hysteresis phenomenon (Fig. 2A) . We cannot decide whether the voltage draws the Pep 5 molecules into the membrane from a peripheral association state or whether they are reoriented in the electric field. Although the structure of Pep 5 is not completely known, we do not expect an a-helix conformation of the molecule, because of the intramolecular ring structures built by the thioethers of lanthionine. Thus, an intrinsic a-helical dipole moment, as proposed for alamethicin and melittin, should not be responsible for the voltage dependence of Pep 5-induced pores.
We studied whether the requirement for a trans-negative potential was due to the cationic nature of the peptide. However, despite the overall negative charge of the peptide, introduced by succinylation, pores were also established only by trans-negative voltage. This result indicates an orienting action of the transmembrane voltage rather than a drawing of the positively charged molecules into the membrane attracted by the negative pole of the electric field. On the other hand, the number of positively charged groups has a substantial influence on the voltage dependence and the magnitude of the threshold potential.
The burstlike character of the current fluctuations and the nonintegral sequential levels of pore state conductances observed with Pep 5 are typical features of the alamethicintype pores. The nonintegral pore states were found to be more pronounced with the peptide antibiotic nisin, which is related to Pep 5 but contains only three positive charges instead of eight (H. G. Sahl, M. Kordel, and R. Benz, Arch. Microbiol., in press). The maximum pore diameter calculated from single channels was I nm, which should allow the permeation of molecules with molecular weights up to 600, such as ATP. This again correlates well with our physiological investigations, in which an efflux of ATP was observed (22 
